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A prototype 200 ȝm diameter Al0.52In0.48P p+-i-n+ mesa photodiode (2 ȝm i-layer) was 
characterised at temperatures from 100 °C to -20 °C for the development of a 
temperature tolerant photon counting X-ray spectrometer. At each temperature, X-ray 
spectra were accumulated with the AlInP detector reverse biased at 0 V, 5 V, 10 V 
and 15 V and using different shaping times.  The detector was illuminated by an 
55
Fe 
radioisotope X-ray source. The best energy resolution, as quantified by the full width 
at half maximum (FWHM) at 5.9 keV, was observed at 15 V for all the temperatures 
studied; at 100 °C a FWHM of 1.57 keV was achieved, this value improved to 770 eV 
FWHM at -20 °C. System noise analysis was also carried out and the different noise 
contributions were computed as functions of temperature.  The results are the first 
demonstration of AlInP’s suitability for photon counting X-ray spectroscopy at 
temperatures other than § 20 °C. 
 
I. INTRODUCTION 
 
Al0.52In0.48P is a III-V semiconductor that has recently started to receive attention for 
the development of photon counting X-ray spectrometers; at room temperature, non-
avalanche [1] and avalanche photodiodes [2] have been shown to be sensitive to X-
ray photons from 
55
Fe radioisotope X-ray sources. Such systems have been shown to 
have energy resolutions of 930 eV and 682 eV, respectively, at room temperature [1, 
2]. Due to its wide indirect bandgap (2.31 eV [3]), Al0.52In0.48P is expected to be 
useful for building high-temperature tolerant X-ray spectrometers that can be 
beneficial in many applications including space missions and terrestrial applications ȌCorresponding author. Electronic mail: S.Butera@sussex.ac.uk.
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outside the laboratory environment. Furthermore, Al0.52In0.48P is expected to have a 
reduced likelihood of damage from radiation and has been shown to present lower 
thermally-generated leakage currents than alternative narrow and wide bandgap 
materials (e.g. Silicon and AlGaAs) allowing operation at room temperature and 
above without cooling systems [4, 5], potentially this may result in cost savings due to 
reduced mass, volume and power requirements for such instruments. Because of its 
good linear attenuation coefficients as a consequence of the presence of Indium 
(atomic number 49), Al0.52In0.48P has also higher X-ray quantum efficiency per unit 
thickness [1] compared to those of some other wide bandgap X-ray photodetectors, 
e.g. SiC, AlGaAs and GaAs [6, 7]. Moreover, it is nearly lattice matched with GaAs 
and the crystalline quality of the resultant material can be very high in comparison to 
III-V nitrides, IV and II-VI compounds of a similar bandgap. With respect to II-VI 
compounds, Al0.52In0.48P also does not have disadvantages such as weakness of the 
crystalline lattice, which often results in high concentration of dislocation and native 
defects, and doping control problems in other materials [8].  
 
All these properties make Al0.52In0.48P a promising candidate material for the 
production of robust, compact and high-energy resolution X-ray spectrometers that 
can work over a broad range of temperatures.  
 
X-ray photon counting spectroscopy at high temperatures has been previously 
reported using different wide bandgap semiconductor detectors made from materials 
such as SiC, Al0.8Ga0.2As, and GaAs. A SiC X-ray detector was demonstrated by 
Bertuccio et al. [9] with an energy resolution (FWHM) at 5.9 keV of 233 eV at 100 
°C; whilst an Al0.8Ga0.2As photodiode was reported by Barnett et al. [10] with energy 
resolution at 5.9 keV of 2.2 keV at 90 °C, limited by the noise of the preamplifier 
used. GaAs structures were also developed and characterised for use as X-ray 
spectrometers by Barnett et al. [11] and Lioliou et al. [12] with energy resolutions at 
5.9 keV of 1.5 keV at 80 °C, and 840 eV at 60 °C, respectively. Other materials 
commonly considered for use at high temperatures for the detection of soft and hard 
X-rays, as well as J-rays, include CdTe and its related compounds (e.g. CdZnTe, 
CdMnTe) [13]. At 92 °C, a FWHM at 122 keV of 53 keV was observed for CdTe 
[14]; whilst at 70 °C, a FWHM at 32 keV of 9.4 keV was reported for CdZnTe [15].  
Despite their relatively poor energy resolutions, CdTe and CdZnTe are still attractive 
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choices for producing large area [16] and thick radiation detector, with adequate 
efficiency to high energy X- and J-rays; spectroscopic CdZnTe and CdTe detector 
imaging arrays, for example, have also been demonstrated by Wilson et al. [17]. Good 
responses were also obtained for CdTe and CdZnTe under high X-ray photons flux 
[18, 19], Abbene et al. [20] studied in detail the effects of energy, temperature and 
flux on the performance of a CdZnTe detector. Furthermore, recently work has been 
reported with CdZnTe detectors coupled to low noise application specific integrated 
circuit (ASIC) readout electronics, where a FWHM at 59.5 keV of 2.5 keV was 
demonstrated at room temperature [21]. 
 
In this paper a prototype non-avalanche (2 ȝm i-layer) 200 ȝm diameter Al0.52In0.48P 
p
+
-i-n
+
 mesa photodiode was coupled to a custom-made low-noise charge-sensitive 
preamplifier of feedback resistorless design and characterised for its performance as a 
photon counting spectroscopic X-ray detector at temperatures from 100° C to -20 °C. 
The photodiode used was randomly selected from those produced as described in 
Section II; there was no pre-screening of photodiodes to select an optimally 
performing detector.  System energy resolutions of 1.57 keV and 770 eV at 5.9 keV 
were observed at 100 °C and -20 °C, respectively. These significant results have been 
achieved because of the high performances of the Al0.52In0.48P detector used and the 
custom charge-sensitive preamplifier electronics developed at our laboratory. 
 
II. DEVICE STRUCTURE 
 
The Al0.52In0.48P wafer used in this work was grown using metalorganic vapour phase 
epitaxy (MOVPE). The Al0.52In0.48P p
+
-i-n
+
 structure was grown lattice matched on a 
commercial (100) n-GaAs: Si substrate with a misorientation of 10 degrees towards 
<111>A to suppress the CuPt-like ordered phase.  The Al0.52In0.48P n
+
-layer (0.1 ȝm 
thick) had a doping concentration of 2 u 1018 cm-3, it was doped using Si as n type 
dopant; the Al0.52In0.48P p
+
-layer (0.2 ȝm thick) had a doping concentration of 5 u 1017 
cm
-3
, it was doped using Zn as p type dopant. The Al0.52In0.48P i-layer was 2 ȝm thick. 
A highly doped GaAs cap (10 nm thick) was grown on top of the Al0.52In0.48P p
+
-layer 
to ensure good ohmic contact. Chemical wet-etched techniques were used to fabricate 
mesa diodes with diameter of 200 ȝm: the chemical etching process consisted in using 
1:1:1 H3PO4:H2O2:H2O solution followed by 10 s in 1:8:80 H2SO4:H2O2:H2O 
solution. A Ti/Au (20 nm/200 nm) annular contact was deposited on top of the GaAs 
 	?
layer of the structure to form the top ohmic contact; whilst a InGe/Au (20 nm/200 nm) 
contact was deposited onto the rear of the GaAs substrate to form the ohmic rear 
contact. The layer details of the Al0.52In0.48P wafer are summarised in TABLE I. 
 
TABLE I. Layer details of the Al0.52In0.48P wafer. 
Layer Material  Thickness 
(ȝm) 
Dopant Dopant 
Type  
Doping density
(cm
-3
) 
1 GaAs 0.01 Zn  p
+
 1 u 1019 
2 Al0.52In0.48P 0.2   Zn  p
+
5 u 1017 
3 Al0.52In0.48P 2 Undoped   
4 Al0.52In0.48P 0.1  Si  n
+
2 u 1018  
5 Substrate n
+
 GaAs     
 
III. EXPERIMENTAL RESULTS 
 
A. Electrical characterisation 
 
Leakage current measurements as a function of reverse bias were taken with the 
Al0.52In0.48P photodiode reverse biased from 0 V to 15 V in 1 V increments and in 
dark conditions. A Keithley 6487 picoammeter/voltage source was used during the 
experiment; the uncertainty associated with the current readings was 0.3% of their 
values plus 400 fA, while the uncertainty associated with the applied biases was 0.1% 
of their values plus 1 mV [22]. The current across the Al0.52In0.48P photodiode was 
studied in the temperature range 100 °C to -20 °C using a TAS Micro MT climatic 
cabinet to achieve and maintain the temperatures investigated. Figure 1 shows the 
current as a function of applied reverse bias at 100° C. At temperatures below 80 °C, 
current values < 0.4 pA were measured.  
 
 
Figure 1. Dark current as a function of applied reverse bias at 100 °C for Al0.52In0.48P 
device. 
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At a temperature of 100 °C, a dark current density <0.6 nA/cm
2
 was obtained for the 
Al0.52In0.48P device when reverse biased at 15 V (75 kV/cm).  This leakage current 
density was much smaller than has been reported with GaAs detectors at 100 °C (87 
nA/cm
2
) even when they were at lower electric fields (22 kV/cm) [12].  The measured 
leakage current density of the Al0.52In0.48P (2 ȝm thickness) was comparable to the 
leakage current densities shown with high quality SiC (70 ȝm thickness) operated at 
100 °C (1 nA/cm
2
 at 103 kV/cm) [9].  
 
Using an HP 4275A Multi Frequency LCR meter, the capacitance of the Al0.52In0.48P 
packaged structure was measured as a function of applied reverse bias and 
temperature. The test signal was sinusoidal with a 50 mV rms magnitude and 1 MHz 
frequency. At each voltage and temperature, the capacitance of an identical empty 
package was also measured and subtracted from the measured capacitance of the 
packaged photodiode to determine the capacitance of the device itself. The 
uncertainty associated with each capacitance reading was ±0.05 pF; the uncertainty 
associated with the applied biases was 0.1% of their values plus 1 mV. In the 
temperature range studied, the Al0.52In0.48P capacitance was found to be 1.40 pF ± 
0.05 pF, and voltage and temperature invariant within the limits of the measurement.  
 
B. X-ray spectroscopy and noise analysis  
 
The 200 ȝm diameter Al0.52In0.48P photodiode was connected to a custom-made 
charge sensitive preamplifier of feedback resistorless design similar to that reported in 
ref. [23]. The output from the preamplifier was connected to an Ortec 572a shaping 
amplifier and then to a multichannel analyser (MCA). A 214 MBq 
55
Fe radioisotope 
X-ray source (Mn KĮ = 5.9 keV, Mn Kȕ = 6.49 keV) was positioned 3 mm above the 
top of the Al0.52In0.48P mesa photodiodes. X-ray spectra were collected at different 
applied reverse bias and temperatures. The Al0.52In0.48P photodiode and the 
preamplifier were both placed inside the TAS Micro MT climatic cabinet for 
temperature control.  
 
Spectra were accumulated with the diode reverse biased at 0 V, 5 V, 10 V and 15 V in 
the temperature range 100 °C to -20 °C. Although temperatures above 100 °C can be 
achieved by the TAS Micro MT climatic cabinet, temperatures higher than 100 ° were 
not studied because of limitations in the working temperature range of the 
 	?
spectrometer electrical cables. The live time limit for each accumulated spectrum was 
300 s.  As the applied reverse bias was increased, an improvement in energy 
resolution (as quantified by the FWHM at 5.9 keV) was observed, this was due to 
improved charge collection at greater electric field strengths because the effects of 
reduced capacitance were negligible. The changes in the FWHM obtained at different 
shaping times (Ĳ) were also studied; Ĳ = 0.5 ȝs, 1 ȝs, 2 ȝs, 3 ȝs, 6 ȝs, 10 ȝs were 
analysed.  The 
55
Fe photopeak obtained was the combination of the Mn KĮ and Mn 
Kȕ lines at 5.9 keV and 6.49 keV, respectively.  Gaussians were fitted to the peak 
taking into account the relative X-ray emission rates of the 
55
Fe radioisotope X-ray 
source at 5.9 keV and 6.49 keV in the appropriate ratio [24] and the relative 
difference in efficiency of the detector at these X-ray energies. Figure 2 shows the 
best energy resolution (smallest FWHM) spectra at 100 °C (a), at 20° C (b), and at -20 
°C (c), when the diode was reversed bias at 15 V.  
 
  
 
 
Figure 2. 
55
Fe X-ray spectrum accumulated at 15 V reverse bias using the Al0.52In0.48P 
device at a) 100 °C, b) 20 °C, and c) -20 °C. Also shown, in each spectrum, are the 
fitted Mn KĮ (dashed line) and Mn Kș(dashed-dot line) peaks.  
 
As shown in Figure 2, energy resolutions (FWHM) at 5.9 keV of 1.57 keV and 770 
eV were obtained at 100° C and at -20 °C, respectively. The FWHM at 5.9 keV at 20 
°C was 900 eV.  
 	?
 
The FWHM was measured for all the spectra accumulated. Figure 3 shows the 
FWHM of the 5.9 keV peak as a function of temperature for the shaping time in the 
0.5-10 ȝs range at which minimum FWHM was found, when the Al0.52In0.48P device 
was reversed bias at 15 V. 
 
 
Figure. 3 FWHM of the
 
5.9 keV peak as a function of temperature at the optimum 
shaping time and at 15 V.  
 
An increased FWHM was observed at increased temperatures; this was in part 
attributed to the higher contribution of the parallel white noise of the system as the 
temperature increased. 
 
Three different classes of noise degrade the energy resolution (FWHM) of non-
avalanche X-ray photodiode spectrometers. These are the Fano noise, the charge 
trapping noise, and the electronic noise [25]. The statistical nature of the charge 
creation process at the absorption of an X-ray determinates the Fano noise; the 
expected Fano limited resolution at 5.9 keV for Al0.52In0.48P at room temperature was 
calculated to be 145 eV, considering an electron-hole pair creation energy of 5.34 eV 
[26] and assuming a Fano factor of 0.12. The FWHM at 5.9 keV experimentally 
observed at 20 °C was greater than the Fano limited resolution, this highlighted that 
there was a significant contribution from at least one of the other noise sources. The 
electronic noise, due to the Al0.52In0.48P photodiode and the preamplifier, consists of 
parallel white noise, series white noise, induced gate current noise, 1/f noise and 
dielectric noise [25, 27, 28]. The parallel white noise takes into account the leakage 
currents of the detector and input JFET of the preamplifier, it is directly proportional 
to the shaping time. The series white noise takes into account the capacitances of the 
detector and input JFET of the preamplifier, it is inversely proportional to the shaping 
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time. The series white noise power spectral density can be approximated to the 
thermal noise of the JFET drain current when stray resistance in series with the JFET 
gate is negligible. The series white noise was calculated using the capacitance and 
was adjusted for induced gate current noise [25, 27]. 1/f noise is instead independent 
from the shaping time. Figure 4 shows the computed parallel white noise, series white 
noise, 1/f noise at shaping times of 1 ȝs and 10 ȝs, respectively, when the Al0.52In0.48P 
detector was reversed bias at 15 V. 
 
 
Figure 4.  Computed equivalent noise charge as a function of temperature using the 
Al0.52In0.48P device at shaping times of a) 1 ȝs and b) 10 ȝs. In both graphs the parallel 
white noise (empty circles), the series white noise (empty squares) and the 1/f noise 
(empty triangles) contributions are shown; interpolating lines between the 
experimental data points (dashed-dot lines) are also shown but must be considered 
guides for the eye only. 
 
The combined contribution of the dielectric noise and charge trapping noise at 5.9 
keV was calculated by subtracting in quadrature the Fano noise, parallel white noise, 
series white noise, and 1/f noise contributions at 5.9 keV from the measured FWHM 
at 5.9 keV. Figure 5 shows the calculated combined dielectric and trapping noise 
contributions at 5.9 keV as a function of temperature, when the Al0.52In0.48P 
photodiode was reversed bias at 15 V.
 
 	?
 
Figure. 5. Equivalent noise charge of the dielectric and trapping noise contribution at 
5.9 keV as a function temperature.  
 
The dielectric and trapping noise contribution at 5.9 keV increased from (70 r 7) eV 
to (101 r 10) eV, when the temperature was increased from -20 °C to 100 °C. At 15 
V, the charge trapping noise was negligible as a consequence of improved charge 
transport at higher electric fields, in accordance with ref. [1].  Therefore, the increase 
in the equivalent noise charge, observed in Figure 5, can be attributed to the dielectric 
noise contribution increasing when the temperature was increased. The dependence of 
the dielectric equivalent noise charge (ENCD) from the temperature is given by, 
ENC
D
 	?
q
A	?	?kTDC         (1) 
where q is the electric charge, A2 is a constant (1.18) depending on the type of signal 
shaping [27], k is the Boltzmann constant, D is the dissipation factor and C is the 
capacitance [25]. A linear least squares fit of the square of the dielectric noise data 
showed a linear dependence on the temperature. The gradient determined by the linear 
least squares fit was (45 ± 6) [e
-
 rms]
2 
K
-1
; an effective dielectric dissipation factor as 
high as (7.0 ± 0.9) u 10-3 was estimated, but it should be noted that this does not 
correspond directly to the dissipation factor of Al0.52In0.48P, rather it is indicative of 
the effective combined dissipation factor of all dielectrics contributing to this noise as 
it is analyzed here.  Figure 6 shows the corresponding linear least squares fit.  
Comparison of the standard deviations of the fitting with the experimental 
uncertainties demonstrated that linear fitting was appropriate within the limitations of 
the experiment. 
 
 	?	?
 
Figure. 6. Squared equivalent noise charge (ENCD
2
) of the dielectric noise at 5.9 keV 
as a function temperature in Kelvin (circles). Also shown is the line of the best fit 
computed by linear least squares fitting. 
 
The energy resolutions at 5.9 keV for the Al0.52In0.48P photodiode at high temperatures 
were worse than the energy resolutions at 5.9 keV observed for SiC and GaAs 
detectors at the same temperatures. At 100 °C, a FWHM of 1.57 keV at 5.9 keV was 
obtained here, whilst a FWHM of 233 eV at 5.9 keV was reported by Bertuccio et al. 
[9] for SiC detectors. The better energy resolution observed by Bertuccio et al. [9] 
was attributed to the lower electronic noise associated with their device’ readout 
electronics, the thicker detector (lower capacitance) and also the extremely high 
quality materials used. At 60 °C, a FWHM of 1.12 keV at 5.9 keV was achieved here, 
whilst a FWHM of 840 eV at 5.9 keV was obtained by Lioliou et al. [12] for GaAs 
detectors. Since in the presently reported Al0.52In0.48P study device readout electronics 
similar to Lioliou et al. [12] was used, the better performance of the GaAs X-ray 
spectrometer was in part attributed to the lower electron hole pair creation energy of 
GaAs [29] with respect to that one of Al0.52In0.48P. For example, a total noise at the 
input of the preamplifier of 86 e
-
 rms corresponds to 840 eV in GaAs, whilst the same 
noise equates to a resolution of 1.08 keV in Al0.52In0.48P, due to the difference in 
electron-hole pair creation energy. The FWHM observed at 5.9 keV for the 
Al0.52In0.48P spectrometer was greater than 1.08 keV suggesting a slightly higher total 
noise for the Al0.52In0.48P spectrometer (93 e
-
 rms) with respect to the previously 
reported GaAs spectrometer (86 e
-
 rms) [12]. The 93 e
-
 rms total noise in the 
Al0.52In0.48P system was calculated by summing in quadrature the 12 e
-
 rms Fano 
noise (c.f. 13 e
-
 rms in GaAs [12]), the 58 e
-
 rms parallel white noise (c.f. 43 e
-
 rms in 
GaAs [12]), the 13 e
-
 rms series white noise (c.f. 25 e
-
 rms in GaAs [12]), the 2.5 e
-
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rms 1/f noise (c.f. 4.6 e
-
 rms in GaAs [12]) and the 83 e
-
 rms dielectric noise (c.f. 70 e
-
 
rms in GaAs [12]). The energy resolution achieved with the Al0.52In0.48P detector was, 
instead, better than that reported by Barnett et al. using Al0.8Ga0.2As detectors [10]. At 
90 °C, a FWHM of 2.2 keV at 5.9 keV was obtained by Barnett et al. [10], although 
the readout electronics used in Ref. 10 were not of identical design as those used here.  
 
III. CONCLUSION 
 
In this paper, a non-avalanche 200 ȝm diameter Al0.52In0.48P p+-i-n+ mesa X-ray 
photodiode was coupled to a custom-made charge-sensitive preamplifier for the 
development of a high temperature tolerant X-ray spectrometer.  The detector was 
illuminated with an 
55
Fe radioisotope X-ray source The system was characterised over 
the temperature range 100 °C to -20 °C. A dark current density 0.6 nA/cm2 at 100 °C 
was obtained for the Al0.52In0.48P device at 15 V (75 kV/cm). X-ray spectra were 
accumulated with the diode reverse biased at 0 V, 5 V, 10 V, and 15 V, as a function 
of temperature; the best energy resolution (as quantified by the FWHM at 5.9 keV) 
was observed at 15 V. At 100 °C, the best energy resolution was 1.57 keV (FWHM at 
5.9 keV) using a shaping time of 1 ȝs; whilst at -20 °C, the best energy resolution was 
770 eV using a shaping time of 10 ȝs. System noise analysis was also carried out.  
The different noise contributions were computed as a function of temperature. The 
main source of noise limiting the energy resolution of the reported system was the 
dielectric noise. The dielectric noise contribution was found to increase as the 
temperature was increased. 
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